Two-dimensional (2D) materials were widely used in sensing owing to the tunable physical or chemical properties. For years, optical sensing attracted a massive amount of attention on account of high accuracy, high security, non-invasive measurement, and strong anti-interference ability. Among the various optical sensing schemes, multi-wavelength optical sensing (MWOS) is an important branch and widely adopted in optical image, spectroscopy, or bio/chemical research. However, no spectral selectivity, limited working wavelength range, or intrinsic instability makes conventional 2D materials unsuitable for MWOS. A new class of 2D materials, known as MXene, exhibits outstanding electronic, optical, and thermal properties, leading to new applications in optical sensing. In this paper, we propose an integrated photothermal optical sensor (PHOS) using Ti 3 C 2 T x MXene films. Thanks to the inherent spectral dependence of Ti 3 C 2 T x MXene over a broadband range, the proposed PHOS can respond to different wavelengths from visible to shortwavelength infrared. Because of the efficient photothermal conversion, the PHOS has a control efficiency up to 0.19 π · mW −1 · mm −1 under 980-nm laser pumping and shows a higher control efficiency under red light (690 nm) irradiation. The measured response time of the proposed PHOS is 23.4 μs. This paper brings MXene into chip-integrated optical sensing fields for the first time and shows the potential applications.
Introduction
Two-dimensional (2D) materials have drawn tremendous interests due to the exceptional physical and chemical properties [1] . Moreover, some of these properties can be manipulated by temperature, pressure, light illumination, or electromagnetic field, making them good candidates for various sensing applications, ranging from physical, chemical to biological sensings [2, 3] . Among them, optical sensing, a kind of physical sensing, attracted much attention due to its high accuracy, high security, non-invasive measurement, and strong anti-interference ability [4, 5] . Benefitting from the rapid development of free space, fiber, and integrated optics, multiform optical sensors based on 2D materials were demonstrated successfully [6] [7] [8] [9] [10] .
As different wavelengths can transmit diverse information, the multi-wavelength optical sensing (MWOS) exhibits superior performance [11, 12] . Unfortunately, conventional 2D materials encounter many difficulties in MWOS. Graphene, the first discovered 2D material, was used in sensing fields in many approaches [13, 14] . However, the flat absorption spectrum makes it insensitive to optical wavelength [15] , which is not favored in MWOS. Although some assistant optical structures were constructed to respond to different wavelengths, the design and fabrication processes are complex and costly [16, 17] . Transition metal dichalcogenides (TMDs) are semiconductors with large bandgaps (1 ~ 2 eV), leading to a limited working wavelength range [18, 19] . Black phosphorus (BP), another typical 2D material, has a tunable bandgap (0.3 ~ 2 eV) and, thus, possesses different wavelength responses under different states [20, 21] . Nevertheless, the intrinsic instability hinders the applications. Other 2D materials, such as bismuthene [22, 23] , are rarely reported in MWOS fields. Therefore, new materials with spectral sensitivity over a broadband wavelength range should be implanted to achieve MWOS with simple structures.
MXenes, a large family of transition metal carbides, nitrides and carbonitrides, are newly found 2D materials with rapid growing research interests [24] . Ti 3 C 2 T x , the most studied MXene, features many interesting properties such as high electrical conductivity, broadband nonlinear optical response, and plasmonic effect [25] [26] [27] . The optical absorption region of Ti 3 C 2 T x covers from visible to short-wave infrared (SWIR) and shows strong wavelength dependence [28] . Moreover, Ti 3 C 2 T x has an inherent high photothermal conversion efficiency in visible and nearinfrared (NIR) regions [29] , which means the absorbed light power can generate heat efficiently. Finally, Ti 3 C 2 T x without any extra encapsulation can maintain a good stability in open air for about 1 month [25] . These unique properties make Ti 3 C 2 T x MXene a fascinating candidate for MWOS.
In this work, for the first time, we incorporate Ti 3 C 2 T x into the Mach-Zehnder interferometer (MZI) structure to construct a photothermal optical sensor (PHOS). Thanks to the efficient photothermal conversion of Ti 3 C 2 T x , a controlling efficiency as high as 0.19 π · mW −1 · mm −1 under 980-nm laser pumping can be obtained, and an even higher efficiency is observed under red light (690 nm) exposure. Owing to the wideband working wavelength of the Ti 3 C 2 T x MXene films, the pumping wavelength of the proposed PHOS covers from visible to NIR light and can be further expanded to SWIR. The strong spectral sensitivity indicates that the proposed PHOS can respond to different wavelengths. The response time of the designed scheme is measured to be 23.4 μs. This paper brings MXene into chip-integrated optical sensing, and it can find more applications in the areas of optical image, spectroscopy, or bio/chemical research.
Material preparation and characterization
The fabrication process of MXene colloidal solution is presented in Figure 1A . The Ti 3 AlC 2 power (97% purity, Laizhou Kai Kai Ceramic Materials Co., Ltd, China) was immersed in a mixed solution of 9 m hydrochloric acid (HCl, 20 ml, 36~38%, Sinopharm Chemical Reagent Co., Ltd, China) and lithium fluoride (LiF, 2 g, 0.08 mmol, 99.9%, Aladdin, China) at room temperature, followed by stirring for 24 h (1000 rpm) to remove the middle Al atomic layer. The resulting suspension was centrifuged (3500 rpm for 3 min) and then washed by deionized (DI) water several times until pH > 4. The obtained solution was filtered using a 0.22-μm membrane to get the multilayer Ti 3 C 2 T x power. In the next step, we mixed Ti 3 C 2 T x power and DI water in a ratio of 2:1. The suspension was then sonicated for 1 h and subsequently centrifuged at 3500 rpm for 1 h to acquire single-or few-layer flakes MXene. Finally, a colloidal solution was obtained for later spray coating.
We measured the conductivity of MXene in the air. The MXene film showed excellent electrical conductivity of 2000 S/cm, which is comparable to the values reported in literatures [25, 30] . Figure 1B and C represents the scanning electron microscopy (SEM) images of typical layer structures of delaminated Ti 3 C 2 T x MXene under different magnifications. The SEM images reveal that exfoliated Ti 3 C 2 nanosheets are well stacked together. The AFM image, given in Figure 1D , reveals that large-area freestanding sheets with nanometer thickness can be created by the colloidal solution of single-or few-layer MXene.
The ultraviolet-visible-NIR (UV-vis-NIR) absorption spectrum of the synthesized Ti 3 C 2 T x MXene films and colloidal solution are depicted in Figure 1E . Both MXene solution and films show strong absorption at visible range (400-500 nm), and the absorption band can be expanded to SWIR. Moreover, the absorbance under different film thicknesses and different polarization states were measured to provide a more comprehensive understanding (for details, see Supporting Material). From the results, the absorption is better under thick films, and the overall absorbance can be maintained above 60% when the thickness of the film reaches 671 nm. In terms of polarization, different linear polarization states are generated by a polarizer (LPVISE050-A, Thorlabs, Newton, NJ, USA), and the absorbance curves are almost identical under different conditions, indicating the isotropic nature of spray-deposited MXene films. To provide a more intuitive diagram, the absorbances at 600 nm are extracted and plotted in a polar coordinate ( Figure S1C ). The results illustrate that the polarization states have little influence on the absorption of MXene films.
The photothermal conversion efficiencies (η) under different wavelengths were measured using the experimental setup shown in Figure 1F , which was taken by an IR camera (TI32, FLUKE, Everett, WA, USA). The real-time temperature of MXene colloidal solution with a concentration of 0.1 mg/ml can be read from the temperature profile depicted in Figure 1F . Photothermal heating and cooling curves under different wavelength laser irradiations are plotted in Figure 1G . According to a previous report, photothermal conversion efficiency (η) is calculated by the following equation [29, 31] :
where h is the heat transfer coefficient of MXene, S is the surface area of the cell, ΔT max,mix is the maximum temperature difference of the solution,
is the maximum temperature difference of DI water, and P in is the laser power. A (λ) represents the absorbance of the solution at a certain wavelength. The calculated η is near 100% at 405 nm, while η are 67% and 65.5% at 980 nm and 1540 nm, respectively. Compared with other reported 2D materials, the fabricated MXene shows advanced photothermal conversion efficiency (for details, see Supporting Material). The final photothermal performance depends both on the light absorption performance and photothermal conversion efficiency. Therefore, owing to the strong absorption and high photothermal conversion efficiency, we consider Ti 3 C 2 T x MXene as a good candidate for PHOS in MWOS fields. properties of the material, which represents the variation of the surrounding media. The other is signal light used for detection. When the wavelength or intensity of the pumping light varies, the received power of the signal light will also change. Therefore, we can judge the state of the pumping light from the received signal light power, or we can control the propagation of the signal light by tuning the pumping light. The signal light is guided in chip-integrated waveguides for the compact size. The whole structure is composed of two 2 * 2 multimode interferences (MMIs) and an MZI. MMIs are used for splitting and combing signal lights, and the structure details are shown in Figure 2B with the following parameters: w 1 = 0.5 μm, w 2 = 1.9 μm, w 3 = 4 μm, w 4 = 2.1 μm, l 1 = 30 μm, and l 2 = 57.5 μm. The upper arm of the MZI adopts multiple-bending design to enhance the light-matter interaction, and the bending radius is 10 μm, which is a tradeoff between modal loss and footprint. The whole structure is fabricated using deep UV lithography on a silicon-on-insulator (SOI) wafer with 2 μm of buried oxide and 220 nm of top silicon. The cross section of the structure is shown in Figure 2C . The silicon strip waveguide with 500-nm width and 220-nm thickness is designed for single mode propagation. The Ti 3 C 2 T x MXene films are deposited onto the MZI structure, and a 1-μm-thick silicon oxide between the Ti 3 C 2 T x MXene films and the waveguide is introduced to reduce the signal loss caused by the film absorption.
Structure and principle
The MXene films are patterned on chip through UV lithography (for details, see Method), with a feature size of 316 * 215 μm 2 . The film thickness is measured to be 635 nm by step profiler, which promises a high absorption of pumping light. The pumping light is vertically irradiated onto the MXene through an off-chip fiber. Figure 2D shows the microscope image of the fabricated device. The whole MZI is buried under the MXene films.
The working principle of MZI is based on dual beam interference, and the signal light can be exported from different ports depending on the pumping light states, as depicted in Figure 2A [32] . When the pumping light is on, the Ti 3 C 2 T x MXene films absorb the pumping light and generate heat efficiently. The waveguide under the MXene films will be heated, and an extra phase shift is introduced due to the thermo-optic effect of the silicon. The signal light will come out from the through port once the extra phase shift offsets the phase difference introduced by the asymmetric structure, corresponding to a constructive interference. When the phase difference between the two lights reaches π by changing either intensity or wavelength of the pumping light, the signal light will be exported from the cross port, corresponding to a destructive interference. Therefore, by tuning the pumping light states, we can get different outputs in the terminal. Moreover, benefiting from the compact size, the device can work in a microsecond time scale, as depicted in the inset of Figure 1A. 
Device characterization and discussion

Wavelength-dependent control efficiency
Since Ti 3 C 2 T x MXene films have different light absorptions and photothermal conversion efficiencies at different wavelengths, we first characterize the control efficiencies of PHOS under different wavelengths. Because of the difference between available pumping sources, the experimental setups are not quite the same (for details, see Supporting Material). The signal/pumping lights are coupled into/onto the device through cleaved single mode fibers with a diameter of 8.2 μm. In this way, the pumping light can be fully utilized by adjusting the position of the coupling fiber. The corresponding results are shown in Figure 3A and B. Maximal phase shifts of 7π and 4.9π are obtained under pumping power of 400 mW at 980 and 1540 nm, respectively. After subtracting the coupling loss, the relationships between phase shifts and pumping powers at different wavelengths are plotted in Figure 3C . Linear slopes show the control efficiencies are 0.019 and 0.012 π/mW. Although the Ti 3 C 2 T x MXene films cover the whole MZI, only a small area is under heating (decided by the modal size of the cleaved single mode fiber used for coupling), and the light-matter interaction length is around 100 μm (for details, see Supporting Material). After correcting the heating length, a control efficiency of 0.19 π · mW −1 · mm −1 under 980 nm pumping is obtained. Moreover, the signal wavelength is not limited in this range thanks to the broadband property of the on-chip elements. The spectra upon the different pumping wavelengths at a fixed pumping power of 10 mW are compared in Figure 3D . The result shows a larger redshift under 690 nm light irradiation, due to higher light absorption and photothermal conversion efficiency of MXene in the visible range, corresponding to the above analysis. Because of the limitation of the available pumping source, only three pumping wavelengths are utilized. Considering the absorption range of the Ti 3 C 2 T x MXene films, the working wavelength can be expanded to SWIR. This makes it competitive in MWOS.
Response time measurement
The response time of the proposed PHOS is further characterized using a modulated pumping light, while the signal wavelength is fixed at 1550 nm. Based on our available laser source that can be modulated, we set the pumping wavelength at 1540 nm, and the frequency of pumping light is set as 10 kHz. The modulated pumping light is recorded by a photodetector (KG-PR-200M-A, CONQUER, China) and an oscilloscope (RTM3000, ROHDE & SCHWARZ, Munich, Germany), and the waveform is plotted in Figure 4A . After that, the Ti 3 C 2 T x MXene films are then heated by the modulated pumping light, and the output signal at the through port is monitored. The result is shown in Figure 4B . The rising and decaying edges are fitted with exponential functions of 1 − exp(−t/τ r ) and exp(−t/τ d ), respectively, as the red dash lines in Figure 4B indicated. The rise and decay times are estimated to be τ r = 23.4 μs and τ d = 5 μs. It is a phase reversal process. The fast decaying edge illustrates that when the light heats the MXene, the signal light can rapidly be suppressed. It is a comprehensive process including heat generating by MXene and heat transport by the oxide. When the pumping light turns off, the relative slower rise time indicates a poor heat dissipation resulting from the low thermal conductivity of oxide.
Discussion
During the past years, MXene was widely used in optical and photonic areas, such as electromagnetic interference shielding [33] , broadband mode-locking operation [34] , broadband absorber [28] , optical information converter [35] , high-speed photodetector [36] , and so on. All these applications indicate prominent optical properties of MXene. Following the steps, by exploiting the inherent wavelength dependence of MXene membrane, we bring it into MWOS with a simple integrated MZI structure. Figure 5A illustrates the working wavelength range of some typical 2D materials. The red dots and stars represent the pumping wavelengths used in the corresponding studies. The proposed PHOS can respond to different light irradiations from visible light to NIR and can be further [15] , [37] , and [20] expanded to SWIR, which is wider than that of TMDs. Moreover, the MXene films can overcome the difficulties in other 2D materials, including flat spectrum response in graphene and inherent instability in BP. All these merits make it a favorable material for MWOS. This work brings MXene into optical sensing fields and provides an alternative way to utilize MXene in photonic areas.
Thanks to the excellent photothermal conversion efficiency of MXene and the compact size of the device, the proposed PHOS also benefits in control efficiency and response time. Figure 5B compares the specifications of the reported devices based on photothermal effect of different 2D materials. The proposed PHOS shows a superior control efficiency that is one order of magnitude higher than that of most literatures reported. It also exhibits a superior response time that is two orders of magnitude faster compared to the PHOSs using non-integrated schemes [38] [39] [40] [41] . In the integrated community, the higher control efficiency of the proposed PHOS means a more sensitive sensing, while the relatively slow response time can be improved using the same method in the reported literature [42] , which deposited the 2D material on the waveguide directly.
Furthermore, inspired by the previous works, the control efficiency of the fabricated device can be improved from the following aspects: (i) Optimizing the position and size of the MXene films. As the large size will dissipate part of the energy and heat the two arms of the MZI simultaneously, the generated heat cannot be fully used for sensing. Optimizing the position and size of the MXene films is an efficient solution to improve the control efficiency. (ii) Adopting specific optical structure. To date, several optical structures, such as photonic crystal [43] and freestanding waveguides [44] , were adopted to enhance the light-matter interaction, leading to power efficient optical devices. We expect to achieve a higher control efficiency after applying the above methods in the future work. The response time can be further improved by reducing the thickness of the silicon dioxide cladding layer between the MXene films and the silicon waveguide or replacing it with other materials possessing higher thermal conductivity.
Conclusion
In this paper, we fabricate a broadband MWOS with a simple structure by exploiting the inherent wideband response, spectral selectivity, and high photothermal conversion efficiency of MXene. The fabricated integrated PHOS has a high control efficiency of 0.19 π · mW −1 · mm −1 under 980-nm laser pumping and a fast response time of 23.4 μs. The proposed PHOS can also work under visible light pumping and show a higher tuning performance due to the higher absorption and photothermal conversion efficiency at specific wavelength range. This work brings MXene into optical sensing fields, and the proposed PHOS can be used in optical image, spectroscopy, or bio/chemical research.
Method
MXene film deposition
The SOI chip was first cleaned by acetone and absolute ethanol under bath sonication for 10 min, respectively. Photoresist (AZ5214) was then spin coated on the chip by a whirl glue device (1000 rpm for 5 s and 4000 rpm for 30 s). The chip was then heated under 97°C for 60 s and photolithographed using 1.5-s UV light exposure with a customized mask. A later 115°C for 90-s treatment was utilized to change the character of the photoresist, and 15-s UV light irradiation without mask was used for photolithography. The target area was developed by developing solution for 35 s and fixed by water for 20 s. Before spray coating, the chip was treated with ozone (O 3 ) plasma for 5 min to remove the residual photoresist and enhance the adhesion of the oxide surface with MXene films. The synthesized MXene colloidal solution was sprayed onto the chip by an airbrush with 0.3-mm nozzle size and 0.1-MPa operating pressure. The airbrush was around 10 cm away from the chip and moved steadily to cover the whole chip, and a homogeneous thin film was obtained. After spray coating, the chip was immersed in acetone overnight and bath sonicated for 1 min to remove the excess MXene. Finally, the chip was dried in air for 30 min, and the whole device was completed.
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